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INTRODUCTION 


It has long been known that the clay fraction 
aoa Creat segnect Uten Une = yroperties “or awael! , 
both agricultural and encinecring. This influence 
15 aque POStRemcuniace Aactiviny, tre mincradocwed 
composition, anc the nlate-like shane of clay 
Marticles. Because of this great effect it is 
mandetory that extensive study be made of the 
cay 1rection in Order tO further tne underavcenaune 
of clay-—bearing natural soils. 

Ciny riay be Cerined as PF Crystalline, Hydraves 
alunino-silicate formed by the hydro-cdecommosition 
of 1eldsvears or ‘simrlar silieeves. “Two ccnereal 
mies of Clay minerals nave been recocnizec: the 
Worn frou) wrunm a yl eee of “eryoral lara ce ; 
peace ute 1OntumOrillonite Grouy with @ Z2ib ty oe of 
crystal lettice (1). Though both grouns are clays, 
there are marked differences in the properties 
Sanibited by each. The kaolin group characteristicabily 
show little tendency toward hydration, do not swell upon 
wetting, and have a low base exchange (cation ad- 
Ser pelon) Camacity, The montmorillonite eroup show 
a great tendency to hydrate, exneand tremendously 
unon wettinz:, and nave a relatively high base exchange 


eabhacity. 








it has been further determined experimentally 
that the pronerties of the clay itself are dependent 
to some extent upon the cation which is attached to 
the clay particle. These cations may be supplied in 
many ways: sodium chloride in sea water vrovides 
the sodium cations which are found in marine clays; 

a farmer supplies calcium cations when he spreads 
lime over his land, and tnat is precisely why he does 
so for the calcium ion improves the agricultural 

mr Opertics of Kis soil. 

Numerous investigations have been conducted 
which reflect all of the above facts, but so far very 
little of the information gathered has been of direct 
voume in -engineermim. Tne ceramic industries, 
colloidal chemists, and agriculturalists have 
gathered many data. The engineer finds this informa- 
fron usetul, but steidom of immediate anpnlication, ‘and 
so there remains much to be done, especially of a 
GuUanvivaLtive meture., 

One of the qualities of natural soils whicn is 
affected by all of the above factors is wvlasticity. 
This property is exhibited by nearly all soils to 
some extent when wet, and in most cases it is due 
to tne clay fraction. Plasticity has been defined 
by Mellor as "the »roperty which enables a clay to 
change its shape without cracking; wnen it is sub- 


jected to a deforming stress." 
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In 1911 Atterbers (2) (3) pronosed two 


Samote tests for defianine Cmer >iastle Dreverures Of 


|e 


soils. These tests have come to be known as "liquid 
ep,” ond “pletion Mei” deterammatterc. ier 

Liquid limit is tnat water content at which the 

soil is practically liquid, hut has a small, 

aroltrarily chosen srearing strength. The piastic 

Mmiitt is tne @aallest water content at which a soil 
Mmeptesvsc, Tne adilierence between tae Sisctic Liat 

ema tne ligquid Limit is the water content mange Tarourh 

wnich the soil exnibits plasticity and is known as 

eauc “plasticity index".  A@hercberc's method of etor— 

heeoame the Dlagstic limit is to roll out Samoles of 

ine cOll, slowly decr@asin- the water content, umeil 
mee GOll just crumbles ween a thread Cne clanta inca 
imecatemeter Gs Cotained. THis test, tnhourh sevmancly 
@mude, zives consistent results and is tne method 

feo ab tac present for obtaininz= Gace Diaesgic Pisin. 
Bee metiod prososed by Auterberge for laicuia Lainit 
Seeermination was suscentiole to “ersonal error, and 

re 


a more satisractory metuoda was proposed in 1932 by 


Mm Casagrande (4). The anvaratus cdesianed dy 
Casagrande cives consistent reeults anc is now used 
emerusively +oOr Jiguia Limit tests. 

The Atterdcre olasticity tests have become 


widely known, anc art uscd by manv soil investizators. 


Guy 


Po feemgecac ly enniracal in Nature, Uney nevertheless are 


ae 





valuable in giving a "feel" for the character of soils. 
Perhaps the most specific use of these tests is in the 
Casagrande system of soil identification and classifica- 
tion for airfield projects. This system involves 

visual inspection, f@rain-size analysis, and Atterberg 
tests, and provides rapid, easy, and usually dependable 
results. Some state highway departments have syvecifica- 
tions relative tc the allowable “lasticity index for 
certain subgrades. All in all, it may be said that 

the Atterberg tests are widely known and extensively 
Weca by SOlls engineers. 

With the above facts in mind, it was deciced to 
determine the Atterberg plasticity constants of three 
important clay minerals with various cations attached. 
Kaolin from Dry Branch, Georgia, was selected as 
imeecat of Goe |: Nauvice ciey mineral. “bentonite 
from Rock River, Wyoming, was chosen as tynical of 
memes! Mabeace clay mineral (meéntmorilenite croup). 

A third clay mineral called Illite was also tested. 
ielitc has a 2:1) crystal lattice, bul does not show 
the extreme characteristics of the montmorillonite 
eroup, The sample tested was Illite Bond Clay from 
solLwet, Illinois. 

Hovemen Soueeped the clay mamerals to be 
investigated, it was next necessary to decide which 
cations should be placed on the clays. Hydrogen, 


calcium, sodium, and potassium cations are found 
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extensively in natural soils, and are very important 
in determining the properties of those soils. These 
cations were thus selected. 

The investigation then was defined, and divided 
itself into two parts: 1) preparation of the clays 
to be tested - hydrogen kaolin, calcium kaolin, 
sodium illite, potassium bentonite, etc.; and 2) deter- 
mination of the Atterberg plasticity constants of these 


samples. 
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THEORY 
Water Film Theory 

Probably the leading and certainly the most 
universally accented theory accounting for soil 
Dlasticity is the water-film theory. Soil plasticity 
has been defined as that condition of a soil-moisture 
mixture in which it can be deformed without rupture 
iy en applied» force and willenot retuen to itsmerigimal 
shane. The soil will remain in its deformed shape 
woen the forcee is removed. Plastic soile to which such 
a force is apnlicda are said to be vlastically flowing 
when Geformation occurs. This soil condition is similar 
to the stave of strain found in steel at stresses above 
the yield point. (i.e. stress is not proportional to 
strain but rather a constant and continuous strain 
occurs for a given applied stress.) 

Im S@dlse water aia the besiewol thas plecitunes ty. 
Without water the clay soils are hard and exhibit 
pronounced coherence. Soils with too much water are 
mived aad vilscous, These fluid seijleawwaill teforn 
without benefit of an applied force and hence snow no 
Dlasticity. Somewhere between these two extremes of 
SOil-moisture lics the range of plasticity. 

rlasticity and plastic flow are visible nanifestations 


of the physical property or clay soilis known as cohesion. 
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Cohesion has been defined for wet soils as the attraction 
between the molecules of the liquid phase (water) and 
adjacent clay rarticlés. “The above definition simply 
means tnat the water molecules "bridge" the gap between 
mercy particles, These water bridges are, in reality, 
water films made un of oriented water molecules. 

Water molecules are dipole in nature (i.e. they have 
a positive charge on one end and a negative charge on 
the other.) These molecules are thought to have a length 
ereater than the widtn, These propnerties of water 
molecules enable them to be oriented in the presence of 
poe rectrical freld. 

Tne eeaistence of an electrical double layer around 
clay particles has been known for some time. (Helmholtz 
double layer) The inner layer is comvosed of unsatisfied 
weerences Trom the atoms in the clay crystal structure. 
This negative charge around the clay particle makes it 
fom Chiective in orienting the water dipoles. The 
result is a closé packing of the water molecules near the 
surface of the clay particles. This packed condition 
immoer ts aAliferent properties to tne water than ordinary 
Meee water possesses. The water thus held has a higher 
Gemerttyvy, lower freezing point, and capable of greater tensions 
GO mentior a few physical oroperties., As the thickness of 
ie water film increases, the above pronerties of the 


outer film water more nearly anpvroach those of free water. 
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ieewouuroei1on Ol Sune Outer water to tac clay particle 
teameeiily Aeercaseg as the PTilm grows thicker duc to 
jes ereator distance between the two bedies. It is 
the film tension of oriented watcr molecules, which 
imparts cohesion to the soil oy bridging the cans 

Nemmecn tae Mamticles. Tiesc watcr molecules, however, 
are not the only factor which aids in bridging these 

mas 25 will be shown later. 

Paiewnieture of soil olasticity cam now be ciearl, 
scen. As water is addea to a ary powdered clay soil, 
meee watcr 1s immediately drawn to the surfacc of tac 
fey warticics by tne ferces cxmleined apove. The 
jmeeat seell amount of water merely makes the soil crumbly 
Meer rrrebplic., Friability characterizes the case of 
Srumoling of soil. It is tniG@ moicture range over which 
Memeo lay particles ars nela Tozetrcr in part, sy tne 
Saented water molecules. (5) AgriculturAsts know tnis 
Pesce Of SO1l moieturc to be that et which optimnun 
iiebace occurs. 

Haewmer 2acition of water cosete 211 the surface 
Mecoe Clay “articlcs with water. YVhere is no longer 
Peein tO grein contact, but instcad the contact runs from 
Erein to water to water to grain. The wetcr content at 
eer; Gach cl#y particle receives just enough water to 
Peas 1G complicyGly ana allow it to attach iteelf to a 
Pemea Orange particle, ic a very important condition of 
meet ema MOrdsuurec. it is Here that we have Atterberg's 
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Plastic Limit (sometimes called lower plastic limit). 
It is at this moisture content that the bridging 
faest oe@eure complotelyeanc 1 Dewadico at this polnt 
that it occurs the most tenachbousiy. Sinee themwater 
mohecules are chosely packed and, therefore, have high 
tengion, the water will exhibit shearing strength. 
maescaditaon, it &s wat Chis condition of “soil and morsture 
that the mixture enters the range of plasticity. Con- 
Segquently, the vlastic limit is of extreme importance in 
mic "Study of clay soils. 

ig tho eddition»of water to tae “clays econ tinued , 
Bae fidme areund the particles will become thacker. The 
Poobmee still) exhibit tension at the points of contact but 
the tension has been reducea below that for plastic limit. 
The water dipoles are still oriented around the »varticle, 
but this additional water is not as strongly held. The 
reason is that the water molecules are now further from 
the negative Helmholtz inner layer because of the thickness 
Meecne film. As more water is added, theefilms crew 
fomerer, and finally a point is reached where the orienting 
femec ws zero due to the very thick water film. The 
Peele molecules are now no longer held to the cuter 
frimee of the Tilm, and the film has reached maximum 
thickness. As would be supvosed, the water on the outside of 
meee ligdm now has tre properties of free water, i.c., no 
tension, The soil-water mixture now behaves cssentially 


oe LUC exhiolting no snear strengtn,. The mixture flows 
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WeetroOuL in applied foree ard, therefore, earnoet be 
considered plastic. This tyne of flow is viscous flow. 
The unpver end of the zone of plasticity has now oceen 
reacned. This upocr end point was called by Atterbverg 
the Liquid Limit (sometimes referred to as tne upper 
plastic limit). The reason for the name is obvious. 

[mie crrrcrence in MOssuure CONtenNe Of Yne Clay 
between the Liquid and plastic limit is xXnown as the 
plastic index. This index is a measure of the range 
of water contents over whicn the soil is plastic. 

Solls with high indices will hold a large quantity 

Or water eand etill exhibit shearing strength, wnhikhe 

soils with low indices are likely to liquefy upon the 
addition of a small amount of water. Soils with high 
miaaces, however, are likely to settle large amounts even 
Gaoush they have appreciable shearing strengtn. 

A brief mention will now be made of the clay particles 
themselves. All clays are cnaractcristically composed 
oeei Mat particles. Tnis Mhysical property is due to 
tae sheet-like structure of the clay crystals. The 
flatness imparts different pronerties to a clay-water 
mixture than @ round particle-water mixture would heve. 
It takes more water to completely coat each of these 
mearticies than for a spherical warticle. The Atterbere 
menus arc, consequently, Higner for clay solls. When 
meoy SyYSvems are subjected to a deforming force, these 
particles Siacwever Gace Olmcr, tihereny Inparting 
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different plastic properties to the clay-water mixture. 
The Atterberg Limits have additional practical 
value to those previously mentioned. Soils with a high 
Jiquid limit should ecltneér contain a lan@e quantity 
CEmroxrceseively eine eerained Tracts ons orm berr wenwra 
obate=-Like particles. The reason for this statement 
is now obvious. Large quantities of small varticles 
teeecates @ largc quantity of water is required to 
completely satisfy the film reauirements of these 
Marticles. Lastly, soils having both a high laouid 
emit end a low plastic index are in a finely divided 
state. If the plastic number is high, the soil contains 


en abundance of nlate-like particles. 
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Factors Arfecting Atterberg Linits 

investi:ators have cetermined that Atterber> 
barocs Aré Not constant Tor 2 civen soil but very with 
the ner cent of clay (5 micron size and below), the 
silica-sesquioxide ratio, ana the cuantity of organic 
froocr Drepeml., Mus, Lie sane basic Gy xe of elay 
hee have diiicrent Atterbers Linits cénpendines woon tae 
poeove IACtCrs. 

The rercent of clay hes an effect on tne plastic 
Meat, the liauid limit, and the plastic inacex. If 


the 


i 


Onl pas @& high wercentage of stat! nappies 
(5 micron ana below), a larsze quantity of water is 
Seqed to completely coat cach particle and thus 


4 


Maine tne SOil up to the plastic limit. VConsequentiy, 
re Olaetic linit is raised. In a likc menner, a 
Meee GCUeNntTALyY Of weber ils recuirod to compleuely 
eect y the Tilm for@es and brine the clay-water 


Seeecure tO tic liquid limit. AS a resudt, oOtTh tire 


ome 


Memicd Limit and »lastic index are also raised. There= 


mere, Gice cifuct of clay unon Attcrour” Linits is to 
matse (Cr lower) Gili tic constents devendinz upon the 
Pentity Of clay ~resent. (2,3,6,) 

be b. saver (7) Ras srown the effect of the 
peer Ga—-ScSquioxiic retio uDon” the Atterocer: Livits. 


mmc POLeCTrca Dapper lc was Siown That the pnhysico— 
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Ceomuerl proocrtics of Wrec coLlOLd clay vary witm this 
ratio. The acsorative capacity of the surface of the 
Colloid for water or ves@rous icons dcecrvgeses As this 
ratio becomes lower. Since aasorption and consequently 


ba) 


EASranount ormwater requires to-creato thre fies 1remN 
ate particloe we cmalil, the moistmec content eam waich 
Dieomerty Occinseds low, Onee the filn Base becnm@onnaca, 


Peo wemount Of watcr mecceagary to reacn the Tignid Limit 


memecponcent upon the clay cont 
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t. ~Agetime clay content 


foe CONSICSerc.. coarstant for all sols ‘sidered in this 
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HMavestication, tne net result of a low silica—sesquioxide 
PeGto is to lower tne plastic limit, lower the liquad 
Meet. out leeve the bDleactic indcx unce2aned. 

The quoentity of organic matter wwesent Blso has a 
esi ae int lwence om the Aeticrberc wonstamte. On@amic 
meGor bas a etrone attractive foxes for water. This 
mer actiien is go étrone that it robe» tre clay vam tac 
 mgeownoleture, (8) Thuc, @eatér added to soils 
Pentvaaning organke matter is adseroed Tirst py tne 
Geeenic matter. When this naterial oceonaecs satisfied 
Mme clay conmmencts acsoroins the water, As a result 
Seeenic meticer raises botn the plastic linait and the 
fMeeui Vinit. The plast index*remains unclranved for 
ie “Sare reason that it remained umchangwed im Baver! 


mavectication of tae eifect of the silicn-sesquioxide 
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ne last factor affecting the Avterberg Limits 


uy 


is cation saturation, an investiscation of which is 

Bune ourhose of thie tnesis. In tne ciscuseiowm of 

the water film thoory it was nointed out that the 

meer films were now the only forces bridtimge Gee wars 
between the clay narticles. Russell (5) wae one of 

“re rirst FO SUfrest that excnanteadle GATIONS” asaiated in 
femeins clay particles togetiver. The Pollewine is 

eeeved directly from nis aver, ag it amply expl@ams the 
Mmeneuvlon Of tne cation in oll structure. 


Meer particle is surrounded oyveem Bleetriea 


memolc Laver, the outer one 


UO 


cing uiffuse anc eonsisting 
Seeeations, wnile twnc inner leyer consists of negative 
Sees oresunebly anenoreG on tee surface of the 
Peorclbe,. Tho catbonms in®enc ciltuse dyer move about 
meu ce WAtCr in tno same way as they cdo around a 

BPeeotex anion, @s pictured in the Debye=hueckel theory 

wae on. clectrolytves. Since tre water molecures 


3 
u 


Mmeegcascs a Ginole fnomsont, trey tend to be oriented 
meee tic lints cf clectric foree recating from 

Mme. 100 in tic diffuse leyer and frem Sech free charze 
Poeaerecesourrace cr the clisy verticke, Every cetvion and 
Meecvicle is tnus surrounced by am envelonme of oriented 


meer moleculcs, ani the orientation manifests itself 


Pee aor en. NUSOPrYPtTLON or “mmo olT ization of water 
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NA clav varticle in a Gilute suspension can, therefore, 
De Vicwuered AS CiMeieting Of a contral core surremerecd 
bys SUrT ce Cartyint < negative change. eon Cacn 
Geettave Chapmme ie an senvelomes.o! water molleculoemviien 
mec more Ortentea vac neemer thas Jie to tac emma . 
Cutside this surface are the cations, also vossessing 
PmercolOles Of oricnted water molecules. Some cations 


feeewo? Close To a nefvative charce on the ssurface.of the 


eeeay Sarticle that tne two water envelopes belonging 





GO traese cnarges overlan anc the watcr molecules in 
ores TOs. oneame Onientecd in their joimh Picia, Times 
BeeonbatGion is very strong since the negative end of 
mre waver Gipolée is attractec. to tuc ecrtion anc tne 


positive cna to tne varticle's surface, 





Pes tAC water is renemed. thu <crlocemated clay 
emepension bccumcs more and more concentrated, and an 
Meer eonsinic provortion of the water molecules becone 
Seeeenved in the joint fielc of ® positive ana a necative 
Seerec. it is reasonable to assume that a certain 
Meeocr Of cations will snare their oriented envelonves 
Meee two clay narticles. aA linking systom is thus 


a 


Gor Us) CONSISting oF; noarticle-criented wetting 
noLecule—cation—cricnted wetting molecule-particle,* 
mes CVOLabLON arnply explains the role of the cation 


meecooil-moOiscture mixtures, @Q?nmese cations are suvvlied 


Sues lt SOlutions found in ¢rounc water. Theveffect 


ei 


ae 





of various types of cations on the Atterberge Limits 
is shown in the Gecussiicn or the results of this 
investization. 

To broaden the above »icture presented by 
Russell it snould be realized that not only are 
Goi OMS wicsOorbDed @n the surte@ee of clay pemticles, put 
in the 2:1 expanding lattice clays (montmorillonites) 
cetions are alse adsorbed between the sheets of the clay. 
Consequently, these clays are more influenced by 
adsorbed cations than the 1:1 lattice clays. 

Jenny ana Reitmeir have shown that not all cetions 
meyvye the game hyarated dlaneter. Their pvaper lists the 
ionic radius of the common cations frequently found in 
Son. Beside these are listed the nydreated size ofr 
mere cations. The peeuliarity neted gn this waper as 
that the ions with the smallest ionic radius have the 
largest hydrated diameters. This simoly means that 
all the ions ado not hold or orient the same quantity of 
meer, in addition, thre smallest ions hold the largest 
emount of watcr, As a result, soils containing these 
tons in the outer Helmholtz layer will have varying 
mogysicail prevérties tue to the varying quanmeity of 
fener acsorbeda by these ions. Therefore, the Atterberg 


Merpitus are also arrected by adsorped i ome. 
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Base Exchanrce 





Although a study of base exchange in natural 
Gieay SODLS 1S9met The purpese Of this pa ner, 10 iss 
necessary to mention this subject as the ultimate 
mueiposce Of tHkem@investization could mot be realized 
Teme 1OUt AgeoOueidecmatwon Of sit. 

Base exchanve was recofnized as early as 1850 by 
ieemas Way in Wis classicel work "Phe Power of Solis 
to Absorb Manure." Briefly, base exchange for clays 
Wemscee SUDStitution of a new cation Por the cation 
mecacy ettached to tne clay »artacle. Dhus, 2 watiuon 
of one kind removes anc takes the nlace of a different 
Poanon an the colloidal clay comolex. it was noted in 
ima Cigeussion on factors airectingz tas Atterbergz 
Linits tnat since cations are capable of being hydrated 
femornvinge dermrees cdenendins on tyac, they shoula 
Meercaliy narve an erfect on these important soil 

Seas tants. 

In 1932 Hans Jenny (12) conducted an extensive 

Zeros blcaticn Om Tie mechaniem or ionic exchange. 
Meri iac wits. artificial and netural colloidal aluminum 
Gjliceatecs Jenny mace some very imoortant discoveries. 
Pont these were tne followine: 
ee Ot eee cee eo 6 TCC OMe em vory »DPronGeunced 
IVOUBOD LC UGer tes waSsMopSscryEed . 


ee om Ero. SCoOrptlLOmeanc Gili toult. release 
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of the hycrogen ion is easily understood 
by COhSidcmine toc Surone chemo. emas 
between tne adsorbed hydrogen ion and the 
oxygen and hydroxyl ions of the rigid 
erystal frame. 

ey SHenic @xemance® affects the hydratwonwer the 
cOllOoid pasticilces 


Jenny's first observation concerning a lyotropic 
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series is very important. 


aluminum silicate studied there was a definite order 
of release and an inverse order of adsorption for the 
cations considered. From tne above he concluded 

wey certain cations were Nelda more tenaciously than 
owmiters by the colloidal Geompltex, thereby, clieving ven 
eeuer Or lyotrocpic svres for the easeror adeerption or 
molcewse of teste cations. Gerlound that, in ceneral , 
the cations with the smallest ionic crystal radius 
were adsorbed with the most difficulty, and the most 
easilv replaced. Jenny also pointed out that the 
fatter tune Tonic crystal Pacdius, tzer™ercaver was amc 
hydrated dianeter. To quote Jenny; "With the aid of 
Mee Concent of hydration, the mechanism cf ionic 
exchange is easily visualized. The strongly hydrated, 
laryjse and voluminous Li-ion cannot come very close 

me uMco Merative oxya@en ion of tmercrystal lattiec, 
Sinee there are one or two water molecules between 


mis COlLOICal wertvicle med tne wcdsorbed cation. 


Pie. 

















Mee forces of attraction ore, tne@efore , Weak 
because they vary inversly with the square of the 
distance between the electric charzes, (Coulomb's 
Lew). Adsorbed Li-ions are, therefore, casily 
revlaeeds ov tag Leas hydrated anc .«©onseemcntly smadler 
Aoncasuem pas KyeRb, Gs whichearceyery sitmonaily 
av~opacbed by the negative places in the crystal lattice. 
Jenny, however, noted onc outstanding exception 
to the above explanation for tne existence of a 
lyotropic series. This exception was the place of 
fie hydrogen ion in the series. On thewbasis of 
tne small ionic size it would be logical to conclude 
that it would have the largest hydrated diameter. 
Tiemet ome, 2t shoudd be the cachkestato romlace and 
eeseorped with the most difficulty. However, such 
was not the case. Indeed Jenny found that the H ion 
Was she best, easembed,of alleionesanc Gaecwmsst 


airficult to replace. To again quote Jenny; 
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moe to itewreletise or exchangceabiiity, the A-ion is 
moo moet Ciniicubt to replaces: Birestiiels tenaciously 
HO tic colloid nartiche. Umless tire selectrolyte 
edded is able to bind the liberated H-ion (as is the 


ease with hydroxides), complete exchange with one 
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alt eatment is hardly achievable. It seems, there- 
mC e@SsSLOle tO trace tie “action of the H-en baek 
moethe signaiacant difgerences in the, tyne.of bonds 
meuvecn the c@ti0n and the anion. In tne case of Li 


and Na wnere it is probable trat at least one water 
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molecule stands between the O-—- ana the cation, 
attraction is weak and of an electrostatic tyne, 
while in the case of the H-ion, the forces are 
strong and seem to be a true chemical type." 

In this investigation, H-clays (clays saturated 
with H-ions), were used as base clays. All re- 
plecenent was mace against these clays. This simply 
mcans that od-clays were prepared, and cations added 
tLomenessc clays to replace the do-vone Inethhoemanmer, 
fee K, and Ca clays were prepared. This at first, 
would seem to be the poorest method. However, the 
nydroxide of tne above caticns were used to effectively 
bind the released H-ion. Jenny specifically exempted 
nydroxide when speaking of tne difficulty of the H-—ion 
Gemcacc. 

There are various methods used for the preparation 
of base clavs. Amonc the most popular are the 
ammonium acetate method and the nydrochloric acid 
method. Hach has its own advantages. However, the 
use or hydrochloric acid to orepare base clays has 
two distinct aavantages not found in other methods. 
These are the more complete replacements obtained by 
Peenoren and the rapidity with which other clays such 
as Ne-clay, Ca-clay, etc., may be prepared. Jenny 
has shown that hydrogen (ion) is the best adsorbed of 


me Lens. Therefore, the addition of the S-ion in 
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baie fork of hyarockiorirc acid will result in en 
H-clay with a hich H-ion content. The H-ions give 
the clay distinctive acid properties when it is 
dsspersec Ameweuer. his property leads to tke 
second advantage of tne hydrochloric acid method; 
Chee is, the pPanidity of preparation of other 

homoionic clays. If a base such as NaOH is added 

tO 4 dispersion of H-clay in water, a reaction be- 
tween the two will take place in much the game manner 
ns @ reaction between a base and an acid. if the 

base is added to the clay in small uniform anounts 

and the pi measured after cach addition, a potentio- 
Metre curve may be plottca for’ the pu against tie 

pase added. The rate of change of the vo is not 
uniform but changes slowly at first and then reaches 

a maximum as additions of dase are continued. After 
tnewiaesmun ts reacsed, thie rate of coamee of the pa 
Slows down. The milliequivalents of base added per 

moO crams of clay conforminc to the point of maiiimnum 
rate of change of the pH is taken as the exchange 
value, Tnis test is easily and ranidly conducted. If 
a quantity of any other base such as KOH is added in an 
smeunt conforming to the exchanse value, a K-clay is 
Brogueed, Ctc. In this manner K, Ne, and Ca-cleys 


mere produced for testing. 
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APPARATUS 


A standard Casagrande liquid limit tcsting device 
Was uscd for all liquid limit determinations. This 
device is complctcly described in A.S.T.M. Spvecifica-~ 
tions. 

The high specd mixer used in this investigation 
was a standard laboratory dispcrsion apvaratus, 
Similar in nature to a milk shake mixcr. It is cauipped 
with a stainless stcecl stirrer, 

The variable specd mixer refcrred to was a snall, 
variable speed electric motor driven mixer using a 
glass stirring rod. 

The apparatus used for potcntiometric titration 
consisted of a standard 50 ml. burette, the variable 
speed mixcr, and a Beckman pH mctcr with calomel 
clectrodes, A watch with a sccond hand was used in 
titration to equalize time intervals bctween addition 
of hydroxide and measurement of pH. 

The vacuum filter annaratus consistcd of ten 
[oem.m. porcelain Buchner filter funnels, ten suction 
flasks, vacuum pump, and number 50 Whatman filter 
naper or equal. 

The oven uscd to dcterminc moisture contents 


was held at the standard 105° Ccntigradc. 
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PREPARATION OF SAMPLES 
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PREPARATION OF SAMPLES 


General 


The most difficult problem involved in the conduct of 
this investigation was the preparation of samples for 
testing. It was known that the soils as reccivecd were 
not purc specimons of the clay minorals Kaolinitc, Illite, 
and Montmorillonite. It would have bccn possible to 
remove the impuritics, at least a grcat portion of then, 
in order for the tests to be conductcd on the pure clay 
mincrals. dowever, the soils consistcd primarily of 
the corresponding clay mincrals (this may have been qucs- 
tionable in the case of the Illite Bond Clay) and, there- 
fore, results obtaincd would be duc princivally to the 
olay minerals. Therefore, the solls were not purificd. 
Instcad, to achicve consistent and significant rcsults, 
it was necessary to control the factors which could 
affcct the Attcrberg Constants. These proviously named 
factors are amount of clay present, silica~sesquioxide 
ratio, organic matter, and cation present. It was 
necessary to assume that, for all »ractical purposcs, 
the soil was uniform in composition, any one portion 
having the same clay contcnt and silica-scsquioxide 
ratio as any othcr portion. There was no reason to 
doubt this assumption. The organic mattcr, if any, 
was removed by treatment with hydrogen peroxide. 


Minesc factors naving been controlicd, any differences 
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in Atterberg Constants should have been due to the 
factor which was varied ~ the cation prescnt. 

As tho work progressed, it was discovered that 
other considcrations were involved, but it is believed 
that they also were controlled, The considerations will 
beementioned Later. 

The Attcerberg Constants of cach soil as received 
mae “omscrvies.as mnefercnec points for further teste, 
even though no information was available as to the 
cations present. Tests were conductcd on cacn of the 
soils as reccived, after necessary grinding and sicving 
to mect A.S.T.M. spccifications, Such determinations 
having been made, samples of the various homoionio olays 
were then preparcd, (The term "homoionic", mcaning one 
men, ic not litcrally correct. It is quite certain 
that the "homoionic" clays are not truly clays with 
only one tyoe of ion attached, Winterkorn (10) and 
others, howcver, have uscd this term for clays sube 
weetLod to the hydrochloric acid and hydroxide treatment 
used by the authors, In using the term "homoionic 
clay" the authors mean a clay which has been subjected 
to treatment to crcate a clay which has a given cation 
attached in a significant amount.) 

it has beem mentioned carlicr that there arc 
scveral ways to prepare homoionic soils. The authors 
had to have a rapid method of Dee parmines eC LaLa ve Ly 


large samples, and it was desirable to have information 


oe 


i) hha pm caine 
—?§ aso oe 4) = —x-1 =- = 
— ae « ak = ee ~.’ | 


Ain aoe lia @& © 81) oon 


———! oa 


i” 


=. 





regarding the amount of exchange which had taken 
place. Leaching the soils with clcctrolytes to 
suvply the cation would have been a slow proccss, 
many investigators having carricd on the leaching 
for months. The only suitable mcthod scemced to be 
the preparation of hydrogen clays (H-clays) by the 
addition of dilute hydrochloric acid, and then the 
necessary quantity of the hydroxide of the desircd 
cation would be added to the H~-clay. This method 


may be idcalized as follows, using NaOH as an cxamplec: 


a 
(1) Na | | 
K | Na | 
Ca | Clay + H Cl——jH-clay + K i Ol 
and/or | Ga 
any other cations Cations 
attached 
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mame Cxccess hydrochloric acid amd thc ichiloridce arc then 


washed away lcaving a »ure d-clay. 


(2) H-Clay + NaOQH—— > Na-clay + H»0 

This lattcr coxpression reminds onc of an acid-base 
chemical reaction, and that is vreciscly what it is. 
It is commonly acceptcd that H-clays have many of the 
nropertics of a woak acid, and it is this fact that 
makes the method preferable. Oncec an A-clay has bcen 
ercated, it is then neccessary to add a specific amount 
er tic AQcsired hydroxide, and tho corresponding 


homoionic clay is created. if just cnough hydroxide is 


apo 


"°* a. Ce ace Shee 


oS fede) «eee eee ee cee 
i W @gn mm” @i pes oa 
ee as <a 6 Gee 
> =e = 


aa | e — CO 





added to complete reaction (2) above, it is scen 

that the products arc the desircd homoionic clay and 
watcr, the latter being casily removed if desired. It 
is neccessary to know how much should be added in order 
ie compietc the reaction and ycot prevent the presonec 

of cxcess hydroxides which arc not casily removed, 

This may be accomplished by conducting a potcntiomctric 
titration of the H-clay in a watcr suspcnsion against the 
desired basc, measuring the bvH of the sol corresponding 
to added amounts of the hydroxide. <A plot of pH 

versus amount of added hydroxide will give a typical 
acid-base reaction curve. Such curves are shown in 
Pependix B.° The point at which the rate of whange 

of pH is a maximum is the point at which the reaction 

ig complote. (The pH of the completion of this acid-base 
reaection»should of course bc in the vieinity of 7, end 
as would be cxpectced it turned out to be slightly above 
7 in all cases.) Any further addition of hydroxide will 
naturally inercase the pH, but the reaction has been 
complicted. For strong acids and bases this point of 
Sempiction is quite snecific, and amenabic to precise 
determination. With weak acids, which H-clays arc, 
wicematc.of.change of oH is never so spectacular as 

with strongcr acids, but good results are obtainable 

a Care is uscd in titration. Suwueh potcntiomctric 
titration conductcd on a small sample of H-clay will 


give the cxenange capacity in millicquivalents pcr unit 
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Woueht “Or soil. TRIS >is” the desarcd amount of basco to 
be added, so to create a Na-kaolin, for instance, this 
amount of NaOH is added per unit weight of H-kaolin. 

The method of determining the amounts of hydroxide 
to be added was thus defined. The amount of hydrochloric 
acid to be added to ecrcate the H-clay was not so specific. 
Most investigators (11) have used .05 normal hydrochloric 
acid, and this scoms quite satisfactory. Just how much 
of this .05 normal acid to bo used in a given case was 
a question which the authors had to detcrmine, It was 
desired to achicve as thorough treatment as possible, 
of course. Because of the facility with which the 
hydrogen ion disvlaces othcr ions, one trcatmcnt was 
thought to be satisfactory, as long as hydrogen ions 
feo prescnt in suffielent quantity. Ihis reasoning was 
in conformance with the work of Winterkorn and Moornan 
(19) but in the light of subsequcnt work, the authors 
belicve that one treatment docs not give maximum cxchange, 
even with the hydrogen ion. The range of base cxchange 
capacitics for cach of the three typcs of clay mincrals 
tested has been renorted by numcrous investigators, with 
fairly close agreement. The range for kaolin, for 
instance, has been given as 3 to 15 millicquivalents per 
100 grams by Jenny (2). In order to supply sufficicnt 
mionmaehloricuacid, the authors, ~thermcfore, used, the 


mOLlowing general method: enough .05 normal H Cl was 
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was added to supply enough 3 ions for the maximum 
reported base exchange cavacity of the clay mineral 
in question. For example to each 100 grams of kaolin 
was added enough acid to supply 15 milliequivalents. 
This method was varied for the bentonite, as will be 


explained below. 


Preparation of Kaolin, batch numbor 1 

It had been found by previous tests that 100 grams 
of dry kaolin was enough to determine the Atterberg 
Constants. Therefore, 400 grams of dry kaolin was weighed 
for batch 1, to provide 100 grams each of E-, Na-, Ca-, 
and K-kaolins. As stated above, the kaolin had been 
ground to pass the 40 mesh sieve. The 400 grams of kaolin 
was added to approximately 0.6 liter of distilled water, 
and then thoroughly dispersed by agitating for 10 minutes 
wrun a high speed mixer. This quantity of hydrochloric 
acid is sufficient to supoly 15 milliequivalents per 
100 grams of kaolin. 

When the acid was added buobics formed on the surface 
© tne slurry. This action continued for @ few mamuves 
and then ceased. The acid slurry was allowed to stand 
for 3 days, being stirred vigorously several times each 
day. It was noted that the clay settled rapidly in the 
acid slurry, leaving a clear supernatant liquid, whereas 
a slurry of kaolin in distilled water would not settle 
Out completely and tne supernatant liquid would remain 


cloudy. 
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AG Ghe eng ol stneetaend Gay, the clean susernatant 
liquid was decanted, leaving a fairly thick slurry.: 
To this slurry was added 6% hydrogen peroxide solution 
to oxidize any organic matter. Though the clay was now 
an o-clay, there remained excess hydrochloric acid and 
the chlorides formed when hydrogen displaced previously 
attached cations. These impurities had to be removed. 
Leaching with distilled water would have worked, but 
the sample was relatively large, and the process would 
have been laborious, Therefore, distilled water was 
Pegied tO the slurry, the mixture stirred briskly, and 
then allowed to settle. The clear supernatant liquid was 
eenonce Off and tested for chlorides by the addition of 
Silver sulphate solution. If chlorides were presen, thie 
silver would combine with the chlorine to form Ag Clo, 
—vwmbemprecinitate wareh=would choud wo the laquid. This 
process of washing and testing was repeated several times, 
poludliemimpursthes: being removed each tame wath the decanted 
mand, suntil the chhomide content of the removed) liguid 
was insignificant. When the chlorine content was re- 
duced to that of tap water, turbiditics being compared 
by eye, the chloride content was considered as having 
been reduced to an insignificant amount. This test was 
porrormed, but with the kaolin and ildite bond cle@y, a 
more definite end point was found. 

iis staved vabove, theskaolman setiiied rastaby in the 


Jed slurry, leaning aschear supcrnatant liquid) <After 
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the H-kaolin had been washed reveatedly, the clay 

would suddenly cease to settle out in the next wash, 

This change was very definite -with one washing it 

settled thoroughly, but upon the next addition of dis- 
tilled water, the clay would no longer do so. This 
phenomena was due to the removal of the chlorides. When 
the chlorides were present in sufficient quantity, they 
served as flocculating agents, causing thorough sedimenta-— 
tion. When the electrolyte content was reduced sufficiently 
to make this flocculating effect negligible, complete 
sedimentation no longer occurred. This action was con- 
sidered to be a highly satisfactory indication of 
sufficient washing. 

The supernatant liquid of the final wash was then 
siphoned off, removing some of the kaolin which remained 
in suspension, but this was insignificant in quantity. 
The thick slurry which was left was H—-kaolin and water, 

A small amount of this H~kaolin was rcmoved to 
determine exchange cavacity by potentiometric titration, 
The titration was conducted using 0.1 normal Na0QH. The 
hydroxide was added in uniform increments, the mixture 
was stirred thoroughly after cach addition, and the pH 
was measured. <A Beckman po meter was uscd for these 
determinations, using calomel electrodes. The curve is 
shown in Apnendix B. Exchange capacity found by this 
Eeuratiion was 2.27 m.e. per 100 gremswofekaolin. This 
value is just below the range of capacities reported for 


kaolin, but was considered satisfactory. 
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The remaining H-clay slurry was dried in a 105°C 
oven, and then ground to »ass the 40 mesh sieve. 
One fourth of this ground material was tested to determine 
the Atterberg constants of the H~kaolin. The remainder 
was Givided into three equal portions of known weight to 
be converted into Na-, K~, and Ca-kaolin. Hach portion 
was dispersed in distilled water, to allow the reaction 
to be completed rapidly, and the desired hydroxide was 
added. The amount of hydroxide to be added was based on 
the weight of H-kaolin used and the exchange capacity 
weeaeoe, m.e. sper 100 grams as previously determined. 
In the case of sodium and potassium, 0.1 normal solutions 
were used. Calcium hydroxide is relatively insoluble and 
omaeo.a normal solution could not be used. Instead, a 
saturated solution of Ca(OH)> was used, this being .052 
hemmeailsat room temperature. Im all cases the vH of the 
sol was checked as the hydroxide was added, the final 
readings of pH agreeing closely with the pH corresponding 
homtne exchange capacity of 2.27m,e, ver 100° crans 
in the potentiometric titration. The Ca-, K-, and Na- 
clay sols thus formed were dried at 105°C, ground to 
pass the 40 mesh sieve, and testcd, 
Batch number 2 

A gmall batch, number 2, was prenared in exactly 
the samc way as batch number 1 to sec if the Atterberg 
fomevantse tor tho H-clay could We reprodiced. Exaet 


agreement was obtained. 


—35- 





Batch number 3 

The Atterberg Constants were determined for all 
four homoionic clays made in batch number 1. The Na- 
kaolin, having been tested, was reground and tested 
again, to see if results could be reproduced. The 
first test which was considered good, gave a liquid 
limit of 37.3%. The second test, also considered good, 
gave a liquid limit of 32.7%. This discrepancy was 
mepracing and at first could not be ex»vbained. 
Peonrra best was made, efter another grinding, siwdne 
a liquid limit of 33.0%, close agreement with test 
number two, However, test number one was too good to be 
arbitrarily dismissed, and so further investigation 
was called for. This investigation led to the belief 
that sometning in the vrocess of wetting, drying 
thoroughly, and regrinding caused some effect on the 
Atterberg Constants, This effect was attributed to the 
erinding; kaolin is affected by grinding according to 
Mewes and Page (19). In the lieht of such facte, itewas 
decided to prenare a third batch of kaolin, this time 
dispensing with the drying and grinding which was used 
mmoaven nunber onesin order to facilitate maixdinewsand 
testing. 

Subsequent to the preparation of watcn number one, 
it was discovered that more complete exchange could be 
obtained by treating twice with hydrochloric acid. 


Also the filter apparatus which had been required to 
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prepare the bentonite samples was still available, 
and it was decided to leach hydrochloric acid through 
the kaolin to inecrcase exchange. 

A fresh lot of kaolin was taken, and the lumps 
were ground to pass the 40 mesh sieve. This grinding 
was required but was the only one used in batch number 
3. The kaolin was then placed in the Buchner filter 
fepnels and 1 liter of 0.05 normal hydrochloric acid 
per 100 grams of kaolin was leached through. The 
advantage of the filtration method is that the re- 
peeceea cavlons ere removed as they arc liberated. 
Leaving tne released cations in the presence of the 
miley represscs further exchange. Lae fi limavion 
was considorably more time consuming than was exoected, 
so that proccss was ceased. In order to insure 
thorough exchange, the kaolin was then subjected to 
the treatment used to prenare batch number 1. 

The H-kaolin thus formed had been subjected to 
two treatments, and it was expected that the exchange 
capacity measured by titration would be increased. 
Such was the case, the capacity being found as 4.4 m.e. 
per 100 grams as compared to 2.27 m.e. ver 100 grams 
meeebatch i. 

The H-kaolin slurry was divided into four equal 
portions. The H-kaolin was tested by drying slovwly 
down to the plastic range, without allowing the clay 


movharden completely. PTherefore, no grinding was 
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meccooary, ine remamaine 3 portions wore convertcda 
into the Na-, K-, and Ca~ kaolins by the usual method, 
Testing was again conducted by drying down to the 
plastic range but never allowing complete dchydration, 
Thus, batch number 3 was made and tested with only the 
Prieinal erinding. 
Illite 

The illite was prepared using the same gencral 
method as used for kaolin batch.1. The hydrogen peroxide 
Solution was added to the slurry bcfore the acid in the 
gee OF the illite, however. Two scoarate batchcs were 
preparcd, using 600 grams for batch 1 and 500 grans for 
batch 2. Hach was treated with hydrochloric acid one 
me, Tne maximum renorted capacity for illite is 
4O m.c. per 100 grams, and sufficicnt acid was provided 
wo supply this amount, The exchange capacity determined 
mor batch 1, using 0,1 normal sociun “vdroxide ag usuat. 
meas 10.52 m.e. per 100 grams and for batch 2 it was 
10.75 m.c. peor 100 grams. Samples were tested by drying 
into the plastic range without allowing compicte de- 
hydration. <A test was also conductcd on the K~illite 
aftcr drying and regrinding, with results agrecing 
closely. 

itewos £Oouna toatl An Orecr temoucein & Saurecraciory 
Mmerreyion curve, considerable care had to be used... The 
variable synced mixer was used with a glass stirrer to kcep 


the mixture agitated during addition of the hydroxide. 
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The hydroxide was added in small, uniform increments, 
the mixture was stirred for one minute, and the pH 
was recorded. This one minute delay allowed the pd to 
settle down to a final value, and so the titration 
eerve COOK Gmaracceristic shape. The’first test Had 
been conducted without standardizing the time interval 
between addition of the hydroxide and determination of the 
pH, and the curve was unsatisfactory. 

As noted above, the illite showed the same phenomena 
as the kaolin when tho washings were conducted to 
remove the excess hydrochloric acid and the chlorides. 
Men the chloride content had been reduced sufficiently, 
tae illite no longer settled out completely. No further 
meanings were used, thercfore. 
Bentonite Batcn number 1 

It was expected that preparation of the bentonite 
would involve the most difficulty, and such was the case. 
Previous tests had shown that 25 grams of bentonite was 
enough for determination of the Atterberg Constants. 
Accordingly, 100 grams of the bentonite was prepared in 
the first batch. A moisture content determination of air- 
dry bentonite gave a 15% water content. Therefore, the 
100 grams of air-dry bentonite contained 87.0 grams of 
Oven dry bentonite. The bentonite was dispersed in 
276 liters of distilled water by high speed mixer, the 
Pesulting sol having a consistency of light motor oil. 


Mais sol was allowed to stand for 2 days to reach hydration 
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Sova ibrium, At this time 1 liter of .05 normal) Hydro— 
chloric acid was added. The pH of the resulting sol was 
measured and found to be 2.75. Because of this low oH, 
no more acid was added to prevent the breakdown of the 
lattice structure as explained by McBain (14). The sol 
was allowed to stand for a day and the pH was found to be 
2.75 still. Therefore, no more acidwas added. No 
settlement had occurred during this time, but a very definite 
color change was noted. Before adding the acid, the 
sol had a brownish yellow color. After the acid had been 
aaded and the sol allowed to stand for a day, the color 
mea changed to a light gray. There was no doubt that 
some significant change had taken place.. 

The problem then confronting the investigators was 
to separate the H-bentonite from the excess acid and the 
ehlorides. With the kaolin and illite, sedimentation 
solved this problem. With the bentonite, however, 
Betoling did not take place. it hag been stated previously 
that montmorillonite swells enormously when fully hydrated. 
It can adsorb tremendous quantities of water. This 
hydration had taken place, and the sol which originally 
was duite fluid became more viscous. When it became 
Sbvyious that the bentonite was not going to settle out, 
some of the sol was siphoned off and subjected to high 
speed centrifuging for thirty minutes. This caused a 
slight amount of settling, but the method obviously 


would not be satisfactory. The only remaining possibility 
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seemed to be filtration. A battery of Buchner 

funncls was set up for vacuum filtration. As the filter 
paners becanc impregnated with the bentonite, the flow 
rate was reduced eae ly, As often as practicable, the 
gel which had collected on the filter »aner was scraved 
Om and saved. The watcr contcnt of this bentonite 

gcl was approximately 1000 pcr cent, but it was the best 
that could be done, The first filtration was completed 
in 24 hours. The gcl which had been collectcd was dis- 
nersed in distilled watcr by the variable synced mixer 
mea che resulting sol was filtored, the gcl removed and 
mee process repeated. This was continued until the 
Prlorate contained an insignificant amount of chiloridcs 
using the silver sulphate test as before, 

The gel collected after the final wash was H-boentonitc. 
A small portion was removed, dispersed in distilled 
water, and a potentiometric titration was conducted, 
using 0.1 normal NaOQH as before. The curve is shown 
im appendix B. The exchange value thus dctcormined wes 
Biw> we, por 100 grams. 

The H-bentonite was oven dried at 105°C and ground 
to pass the 40 mesh sieve. It was found that a consider- 
able portion of the bentonite had been lost in the 
process of filtering, there being only 40 grams of 
H—bentonite collectod from batch 1. This was not enough 
to »repare all of the requircd homoionic specimens, and 
thercfore @ sceond batch was prepared using the same 


methed veed for batch onc. 
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The H-bentonite was dried, ground to vass the 40 
mesh sieve, and tested for its Atterberg Constants. 
The remaining H-bentonite was made into Ne, K-, 
and Ca-bentonites by the usual method. All homoionic 
clays were dricd, ground to pass the 40 mesh sieve, 
end tosted. 

maemi- ocntonite gel, as orevieusly notcd hades 
light gray color. The Na-bentonite gel had a brownish 
webew color, resembling the as-received bentonite. 
The K-bentonite was brownish-yellow also, but lighter in 
color than cithcr the Na- or the as-received bentonite. 
The Ca— bentonite in the plastic range resembled a putty 
more than a gel, and had a light gray color similar to 
mie =—- bentonite. This outty—-like quality of the 
Cae bentonitc was very noticablc, as contrasted with 


the gelatinous characteristics of the other bentonites. 
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iestine in General 

All clays were tested in the standard Casagrande 
machine for the determination of the liquid limits. 
Mila machine is descrioved in detail in A.S.T.M. 
specifications as well as the procedure. Degioaliy, 
the testing consisted of placing the well mixed clay 
eaaewater in the bowl of the tester, cutting it with 
the special knife to make a groove, and cranking until 
the groove closed. The clay-water mixture was 
thoroughly mixed and homogeneous throughout. The best 
method of transferring the clay to the tester was found 
tO be with a snatula. The ton of tne clay was smoothed 
peuer tO cutting. The quantity of material placed in 
the tester was such that wnen cut with the special 
faere, a groove one centimeter deep was formed. The 
cut was made quickly and cleanly as slow cutting left 
jagged edges on the groove. Special care was taken 
when cutting to insure that the knife was at all 
times bearing on the bottom of the bowl, ‘this action 
meant a clean bottom in the cut, which was found to 
be very important. It was discovered that, should 
any soil or water still remain joining the sides in 
the bottom of the groove, the number of blows required 
to close the groove was materially reduced. Ina 
like manner, the depth of the cut was always kent at 
one centimeter as a deeper or shallower cut influenced 


the number of blows to closing. Tne actual testing 
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was commenocd immediately after cutting at a blow 

rate of two per second. The test was considered 
complete wnen the groove was closed for a distance 

of one-half inch, The number of blows to close was 
then recorded, and the groove was smeared together 
again. The entire procedure was then performed again. 
This process was repeated three times for each moisture 
content for the puroose of checking, Testing was thus 
conducted at various water contents, water being either 
mececd or removed as necessary. <A minimum of six such 
tests was performed for each liquid limit. At the con- 
clusion of each test a small sam Le of the soil was 
removed from the closed groove and placed in a weighing 
Gan ror a moisture content determination. A recommended 
pomm ror the recording of all this test data anpears in 
Appendix A of this paper. 

With the moisture content and the number of blows 
known, a flow curve was drawn to determine the liquid 
Limit. These curves for all clays tested avpnear in 
Appendix C. A glance at any one of these curves will 
quickly explain the manner in which they were constructed. 
The number of blows for each moisture content was plotted 
along tne logarithmic abscissa while the moisture 
Content was’ plotted directly above to a linear scale. 

A line was then drawn through these points, and the 
moisture content for twenty-five blows was determined. 


The moisture content is by definition the liguid limit. 
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Such a line is called a flow line (or curve). ‘The 
slope of this line is the flow index, 

Plastic limits were determined from the same soil 
as that tested for the liquid limits. The soil was 
dried to the proper consistency and then tested. Testing 
was conducted by kneading the soil in the hands, rolling 
it into one-eighth inch threads on a glazed porcelain 
plate, and then kneading again. This procedure wags 
continued until the one-eighth inch threads would 
break when rolled out. The broken threads were then 
mueecd inna weighing can and the moisture content 
determined. Three such tests were made for each plastic 
dimit as a check. 

Knowing tne liquid limit and plastic limit, the 
plastic index was found by subtracting the latter from 
the former. The toughness index was calculated by 
eeyvecwine the plastic index by the flow index, The 
flow index is used as a measure of the steepness of the 
flow line. Clays having steev flow lines will have high 
flow indices. This means that for a small change in 
the number of blows required to close the groove there 
is a large change in tne moisture content. The tough- 
Mess index is used to evaluate the differences in shearing 


strength that various clays have at the plastic limit. 


Testing of Kaolinite 
iicaiccolinite, Naving becn received in lump form, 


was ground in a manual grinder and sieved through a 


Ani. 





40 mesh sieve (ASTM). All clays were tested in the 
natural state so ag to become familiar with the actions 
of the clay and to have test results with which the results 
from the ovrepared samples may be compared. No difficulty 
was encountered in working with kaolinite. The lumps were 
easily ground, the clay mixed nicely with water, and 
tested with ease. 

Three batches of kaolinite were prenared as explained 
peroere. The first batch was’ tested with one grinding 
for the H-kaolinite and two grindings for the Na, Ca, 
and K-Kkaolinite. These grindings were in addition to 
the original grinding which reduced the lumps. The H-clay 
was dried and ground to pass the 40 mesh sieve. 

A fraction was selected for testing. The remainder 
was divided into three equal parts from which the Na, 
K, and Ca~kaolinite were prepared, These clays were 
Creemnd acdinm to prepare them for testing, hence, the 
extra grinding. All tests were made by adding water 
to the ground clay until the proper consistency was 
attained. When the test was comnleted on the first 
batch of kaolinite, a check was made on the Na-kaolinite 
and the K-kaolinite after giving them still another 
erinding. The results obtained were not consistent. 
As a further check a second small batch of kaolinite 
Was orepared. This was tested for the o-clay only, 
and the results checkcd, l1t was thougnt that re- 


erinding had affected the results. Since for the first 
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batch the H-clay nad only one grinding and the others 
two, it was thought necessary to prepare still another 
batch which would be tested with only one grinding, this 
ere being trie one used™to “reduce the lumps. “More of the 
erect Of regrinding will be taken up in the section of 
this paper dealing with results. 

Ag vointed out before, the third batch of kaolinite 
was treated twice witn H Cl while the first and second 
batches were only treated once. This extra treatment 
mas made in order to imerease themexenange of whe selay 
and thereby accentuate the effect of the cations on 
Atterberg's constants. This third batch was never 
allowed to harden after its initial dispersion, Tests 
mere conducted by decreasing “the morsture content until 
the range of plasticity was reached whereupon they were 
tested. Results for tne first and third batches are 


civen in the Appendices. 


itesting of [illite 

The illite bond clay was received in the ground 
form and consequently only sieving was required. Tests 
Gonaucted on tne clay as received indicated that there 
mould be no difficulty in the testing of this clay. Tae 
illite bond clay was tested in the same manner as the 
feolsnite. The illite tested nieely for all ions. In 
the plastic range the clay was slightly sticky and would 
sometimes adhere to the cutting tool. In such cases 


the groove was immediately closed with a spatula and 
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Feommer cut made, Frequently, during a test the illite 
would tend to set up as exhibited by the large number 
of blows required to close the groove when on the test 
before at the same moisture content, a much smaller number 
hed sufficed. In such cases the clay was re-worked in 
the Casagrande machine with a spatula and several more 
tests conducted. Instead of only three tests at any 
one moisture content, as many as ten were performed and 
maeenumber of blows occuring mostefrequently was selected. 
Two batches of illite were prepared. From the first 
batch the H and Na-illite were tested; from the second 
batch the Ca and K-illite were tested. A check was 
made between the two batches by also testing the H-clay 
from the second batch and comparing it with the first 
peceh A clay. Results checked well. All illite tests 
were conducted by decreasing the moisture content down 
mito the plastic range thereby climinating regrinding. 
However, a check was made to determine if re- 
Brinding would have affected the results. The untreated 
eloyeand the K=clay were selected for regrinding and 
tested. Results checked almost cxactly with those of 
the first tests. Consequently, it was concluded that 
ene reerinding did not affect the results and no further 


tests were conducted. 


Testing of Bentonite 
PAS benvonite, Having beenePpecciyvea im lmmp form 
was ground and sieved to vass 40 mesh. It was 
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immediately apvarent that difficulty would be en- 

eeuntered with thts material, When placed in water, 
it swelled enormously. If the clay was not added slowly 
to the agitated water in the dispersion cup, it would 
clod uv and not disperse, It was found that a very 
slow addition of the ground clay in a fine trickle would 
insure complete dispersion, 

Initial tests on the natural bentonite pave rise 
to another difficulty. As the water content of the clay 
was decreased, the number of blows to close the groove 
would steadily increase until about twenty blows were 
reouired, At this point with no change in moisture 
Content it was possible to get any number of blows up to 
HManety before the groove closed. In addition it was 
Observed that if the clay and water set in the machine for 
any appreciable period of time without being worked, 
the number of blows to close would increase again, This 
action was attributed to the extreme thixotropic propertics 
reported by many investigators. These properties of the 
clay gave the investigators difficulty at first. Finally 
it was found that mixing of the clay in the tester with 
a spatula after every two or three tests would eliminate 
fae of the above difficultics. With this practice it 
was vossible to get a fairly smooth flow line. It was 
also found that a good flow line could be obtained by 
waiting a given period of time after placing the clay 


imemcne machine before cutting the clay with the knife 
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and testing. 

Wish tise ditricuilty overcome it was next found 
that it was possible to secure many and varicd moisture 
fonvents Ter the @iquid limit depending on how the 
Clay was handled prior to testing. For example, if 
tie bentonite were completcly dispersed in water, 
allowed to sect a week, and then tested by decreasing the 
moisture content into the plastic range it was possible 
to obtain very high liquid limits (about 700%). The 
other extreme was to add water to the ground clay and 
mix thorougnly by hand. The clay was then tested 
immediately and liquid limits of the order of 540% were 
obtained. Liquid limits anywhere between these two 
extremes could be obtained by the addition of water to 
lgeee the clay into a fluid condition, waiting for a time, 
decreasing the moisture content, and testing. The 
above determinations were made on natural bentonite. 

Mimic iimveresUSN Ole Saving Wime wong) because the 
Atterberg test is supposed to be a fairly rapid test, 
it was decided to use the metnod giving the lowest 
m@uc for the liquid limit. As this method is not 
@aly the quickest but also tne casiest, time and effort 
were saved. 

To summarize the above, all tests on bentonite were 
conducted by the addition of watcr to the dry ground 


Clay, mixing by hand with a spatula in a beaker or 
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Cveaporating dish and then testing. For cach moisture 
content at least three tests arc eS If results 
did not check, as many as fiftecn tests were made 
and the numbcr of blows occuring most frequcntly 
was selected as the value for that moisture content. 

mae uses of ereuna ary clay for cach test natimall, 
necessitatcd grinding. since it was known that the size 
of dry particles docs not remain the same when disnersed 
(i.c. breaks down into much smaller particles when in 
contact with water), it was concluded that regrinding 
Pmould have very little if any effect on this clay. 

All tests gave fairly good results except for 
the Ca-clay. dere it was necessary to conduct another 


Hest to check the first flow line, and results agreed. 
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RESULTS AND CONCLUSIONS 


General 

As the name of this paper states, this investigation 
was concerned with the effect of cation substitution 
on Atterberg's Constants for certain clay minerals. 

It was concluded that this study must revolve about 

the following issues; was there any effect at all due 
mee2Onic substitution for each of the three ciays studied: 
and if so, what was the range and direction of this 

meme. trem & tiven, Felerence clay Tor specsiic 

conditions of sample »vrevaration and Test? 

With the above in mind, the authors submit the 
following results. For all three clays there was a 
Gerinive cifect due toseation Substitution, The 
variation in Atterberg's Constants because of such 
eubetitution is given in tabular form in thie sieetion. 
It is seen from this table that the cation effects are 
manifest only in the range of high plasticity (i.e. 
around the moisture content of the liquid limit), 
and that these effects are hardly an»vreciable at 
Moleture contents around the plastic limit. Therefore, 
it was concluded that ionic substitution had littie 
we no erirect on the plastic limits of these three clays, 
poe tiat 1t¢ did have a definite effect on the range 
of soil plasticity as shown by the variations in the 


meguid limits. Ina like manner it is seen Trem the 
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table that such substitution has « decided effect on 
the flow index, <A general statement concerning this 
variation cannot be made, as it appears that both the 
type of clay and the attached cation influence this 
S$0il constant. 

In summary it must be remembered that all values 
obtained were for the given conditions of preparation 
and test, More acid treatment of the clays will naturally 
lead to different values of Atterberg's Constants; 
however, the general observations and statements made 


immediately above will still hold. 


Port ieular 

At the outset of this study it was believed that 
the preparation of the samples would be fairly simple; 
however, such was far from the case. As the investigation 
progressed, it was found that a simple and concise 
method for the preparation of ionic clays would be of 
considerable value to not only the authors but also future 
Students in soils at R.P,I. Consequently, the develon-— 
ment of such a method is also considered to be a major 
result of this investigation. The following recommended 
peeccdurc is, therefore, given, This »nrocedure may be 


used to prepare samples for any soils apparatus. 
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RECOMMENDED PROCEDURE FOR PREPARATION OF 
HOMOIONIC CLAYS 

1. Grind clay to vass 40 mesh sieve. 

2. Determine weight of sample needed and increase by 
fifty ner cent to allow for losses. 

3. Disperse clay in distilied or demincralized water 
using electric mixer of some sort. Bentonite must 
be added slowly to insure somplete dispersion. 
Enough water should be used to produce a fluid 
dispersion. Transfer dispersion into a large 
vessel, preferably glass, but necessarily a vessel 
resistant to acid, 

4, If presence of organic matter is undesirable, 
add a 6% solution of hydrogen peroxide in sufficient 
quantity to oxidize such material. Heating and 
agitation will facilitate this oxidation. 

o. Adee sO5enommal hydrochloric acid an esurficient 
quantity to pvrovide at least 15 milliequivalents 
per 100 grams of kaolin or 40 m.e. per 100 grams of 
Mite: FOr tiie Bentonite calculate the volume OF 
sev “eqduired onthe basis of “100 m.c. per oe" craic. 
permnot redvicc the pa of the disPersion™e Mw 3.0. 
(Some investigators have reported that the lattice 
Serucuure of ventonitesmmay be "ehaneed “by reducing 
pee teo™ low by additvon of acid.) If all the acid 
is not used, a second treatment should be used to 
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6. After the acid has been added, the clay should be 
stirred repeatedly over a period of several days 
to insure thorough exchange. 

“7, Kaolinite and illite will settle out when acidified 
and washing may be accomplished by decanting the 
supernatant liguid, adding distilled or demineralized 
weber, Sigi~ring, allowing Go s@t te, and repeating 
process until the chloride content of the removed 
iqukd seapproximatcly -equel tosthateof tap water. 
Silver sulphate or silver nitrate added to a liquid 
eontaiming chleridics with] preeipitate the chibomime 
a the form of theyswhite, insoluble salt AgClo. 
fumbidaty of the memeved laquad with themadded silver 
salt is compared with the turbidity of the tap water 
to which the silver compound has been added, 
Bentonite will not settle out and the liquid nust 
be removed by filtration. The authors found #50 
Whatman filter paper to be satisfactory. <A pressure 
dmererential foerequimee towmfrihemsweither pressure 
Gr veetummbeing satisfactory. The filtrate of Wace 
bentonite is tested for chlorides in same manner as 
are illites and kaolinites. Several washes will be 
mequilned. 

8. Redisperse the chloride-free clay in distilled or 


demineralized water and repeat steps 5 through 7. 


57 


mi - °* at: Pi ew on — 


pew © hee «& be ey 
> & ea alee SF wails 


P=, geiae.. ) ho . 
To eet ee + lo 
— ee || 


es eee i 





9. Separate a small quantity of the H-clay and disperse 
in distilled (demineralized) water, Conduct a 


potentiometric titration on the clay to determine 





Themexchenge wailews Use .1 nemmal NaOH for tiie 
titration. Titration should be carried outewith 
Care, the hy@roexide being added in uniform increments 
enw tie tine inverval ‘between addition of the 
ngemoxide and@measuring of the pH being standardized. 
Proper increments and time intervals may best 
be determined by trial. Continue titration up to 
a pH of 10 or 11 to insure that the curve is complete 
Oma the reactionwhas occurred, 

ion FPLOt test data, bo versus milliliters of added 
hydroxide. The point on the curve where the slope 
is a maximum is the point at which the reaction is 
considered to be complete. This point may best be 
located by plotting a second curve showing / oH 
per milliliter versus milliliters added. The veak 
point on this latter curve corresponds to the 
Gmehenace value. 

meer ter the titration is complete, dry the sample toa 
constant weight at 105°C. The weight of sample 
used may thus be determined. Knowing the weight of 
sample and the milliliters of hydroxide corresponding 
Veomtiac exechancc value, the exemaneze value may be 


computed in milliequivalents per 100 grams, 
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12. This exchange value may be used to compute the 
requimed amount of any other hydroxide to be 
added. When the computed amount of hydroxide 
has been added, the vH of the sol may be checked 
and it should be quite close to the pH corresponding 
GO “tiac exchange wealue. 

(More than 2 treatments with hydrochloric acid may 

increase the exchange value. It is believed that the 


inercase will be relatively small, however, ) 
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pevewal other factors noted in this study are 
worthy of mention here, As stated earlier and as 
motca in the tabulated r@sults; there is a difference 
am the valucs for batches one and three of kaolinite. 
mis difference is due in part to rogrinding and in 
pert to the wxtra acid treatment piven batch threc, 
im 86, Ghiererore, mecommendcd that the same number of 
peendings be used for cach clay, (i.e) grind K, Na, d, 
ctc., clays an equal number of times so as to eliminate 
any possible effect of regrinding on test results). 

Another important observation was that the illite 
pend clay Obviously containcd only a smell portion 
er @liite. A disoersion of this clay in water with 
pumsequcnt drying disclosed a very thin layer of illite 
on top of the dry cake with a consideraole quantity of 
soit end @ther secmamely inactive fractions pvelow. 
The illite bond clay in addition contained an aporeciable 
volume of unattached cations in the form of salts which 
mepcarcd on top of the ary cake in the characteristic 
ae@dricic form of crystallized soluble salts. These 
powts are not a permancnt part of the clay as they may 
be removed by groundwater and yet they affect the 
paysical propertics of the soil. As a result, any 
meeu values Of this clay in its unireatcd form must be 
wemoored by this fact. 

in’ supplements to this paperetimyill be noted that 
other investigations have been conducted on the prepared 
Clays used in this study. Remarks concerning the findings 


Sf Hheec M@nwestigators are contained therein. 
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Supplements 

The information supplied in the supplements is the 
result of the work of the investigators named below, 
which was verformed on the homoionic clays prepared by 
the authors of this tnesis in the manner previously 
described. Further information is obtainable in the 
theses named below, which were submitted to the faculty 
of Rensselaer Polytechnic Institute in partial ful- 
fillment of the requirements for the degree of Master 
of Civil Engineering in May, 1951. 
Supplement I - H. W. Merritt and E. E. White 


"The Identification of Certain Clays 
by Differential Thermal Analysis" 


Supplement II — R. ©, Williams and Keith H. Dearth 
"The Identification and Investigation 
of the Expansion Characteristics of 
Clays by X-Ray Diffraction!" 


Supplement IIL - K.H.r’,. Dunn and G. A. Leighton 
"An Investigation of the Base Exchange 
Canvacity of Certain Clay Minerals’ 
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SUPPLEMENT 1 

Investigation by Differential Thermal Analysis 

Testing of kaolinite (batch 1) and bentonite in 
the differential thermal apparatus disclosed that both 
Clays had definitely been affected by ionic substitution. 
The illite test results were not considered conclusive 
because of trouble with the thermocouples on these 
runs. Time did not vermit retesting of this material. 
However, on the basis of tne kaolinite and bentonite, 
results, it is logical to conclude that this material 
(illite) would also exhibit Donte substitution effects. 


The following table gives the data obtained. 


Clay lst endothermic reaction Temperature 
Millivolt Equivalents 
H+ Kaolinite » ou 645 
Nat Kaolinite 40 638 
K+ Kaolinite » 54 645 
Cat+ Kaolinite ; . 34 622 
i+ Bentonite , 165 770 
Na+ Bentonite 2145 770 
K+ Bentonite 60 767 


The first endothermic reaction is a measure 
or the crystal lattice water which is distinct and 
separate from the intervlaner water and water films 
as measured in a Casagrande tester. Therefore, there 
ig no reason for the order of magnitude of these 
results being the same as tne order of magnitude of 


the Piao init. 
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SUPPLEMENT II 
Investigation by x-ray Analysis 

X-ray analysis of kaolinite (batch #1) showed no 
effects of ionic substitution, As this type of clay 
had a non-expanding lattice, this finding is in con- 
formance with existing crystal lattice theory, 

The illite bond clay gave the same x-ray patterns as 
an illite slanconite shale. These patterna had no inner 
rings, and hence it was impossible to measure variations 
in inter»lanar snacing regardless of the water content 
and cation attached, 

The bentonite samples gave practically the same 
fitbice spacing for the H+ and” Cater clays, Pais spacing 
agcrees with that of the Ht clay as reported by other 
investigators. Tie Kt nd Wer samples exnibited broad 
diffuse inner rings indicating a mixture of ions. It 
was concluded that the last two clays had the most dis- 
pAVecCMen G. 

On the basis of these results, it is recommended 
that all samples be treated more than once to obtain 
purer ionic clays. If possible the illite should be 
separated from the illite glanconite shale, or if this is 
mou TeCagzobe, 2) purer Porm of illite should@ibe obtained. 
Test data obtained by X-ray analysis for the bentonites is 


Galculated below. 





Clay 


Spacing ef Innemmost Ring | 
in Angstroms 
(he Hydrated | 
Ht Bemsonitc 13.79 Zee 50 
Nat Bentonite 13.49 
K+ Bem onite L3ee9 
Cott Baasonite | 13.62 19.03 
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SUPPLEMENT III 

Spectrographic Analysis 

Snectrographic analyses were conducted on the as 
received samples of kaolinite, illite, and bentonite, 
and on samples of H-kaolinite, H-illite, and H~bentonite. 
The purpose of this investigation was to determine how 
much exchange had taken place by the addition of the 
hydrochloric acid. For a complete explanation of 
method, see thesis by Lt. (jg) R.H.P. Dunn and 
Lt. (jg) G. A. Leighton, titled "An Investigation of 
the Base Bxchange Canacity of Certain Clay Minerals" 
weetcen at Rensselaer Polytecunic Institute, Trey, N. Y. 
May 1951. 

The following results were obtained which show 
the amount of hydrogen ions adsorbed by each clay. 
These adsorbed hydrogen ions have displaced ions 


originally attached to the clay. 


Clay Exchange 
Kaolinite 6.92 me of H ions/100 grams 
wel Jive 25.10 me of 4 ions/100 grams 
Bentonite 50.29 me of H ions/100 grams 


A comparison of these values with the values 
obtained by potentiometric titration is given to 
show the completeness of exchange. Titration was mace 


on tne H—clay with .1N Nade. 


Clay Exchange Percent Exchange 
H-Kaolinite 
(Batch #1) 2.27 me/l00 grams Some 
H-Ilivte 10.52 me/100 grams 42.0% 
H-Bentonite 34.5 me/100 ¢rams 68.7% 


Bentonite is seen to have the most thorough replacement, 
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